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REVIEW
Evolution of the sheep industry and genetic research in the United
States: opportunities for convergence in the twenty-first century
J. W. Thorne*,† , B. M. Murdoch† , B. A. Freking‡, R. R. Redden*, T. W. Murphy‡,
J. B. Taylor§ and H. D. Blackburn¶
*Texas A&M AgriLife Extension, Texas A&M University, San Angelo, TX 76901, USA. †Department of Animal, Veterinary and Food Science,
University of Idaho, Moscow, ID 83844, USA. ‡United States Meat Animal Research Center, United States Department of Agriculture,
Agricultural Research Service, Clay Center, NE 68933-0166, USA. §United States Sheep Experiment Station, United States Department of
Agriculture, Agricultural Research Service, Dubois, ID 83423, USA. ¶National Animal Germplasm Program, United States Department of
Agriculture, Agricultural Research Service, Fort Collins, CO 80521, USA.
Summary The continuous development and application of technology for genetic improvement is a
key element for advancing sheep production in the United States. The US sheep industry has
contracted over time but appears to be at a juncture where a greater utilization of
technology can facilitate industry expansion to new markets and address inefficiencies in
traditional production practices. Significant transformations include the increased value of
lamb in relation to wool, and a downtrend in large-scale operations but a simultaneous rise
in small flocks. Additionally, popularity of hair breeds not requiring shearing has surged,
particularly in semi-arid and subtropical US environments. A variety of domestically
developed composite breeds and newly established technological approaches are now widely
available for the sheep industry to use as it navigates these ongoing transformations. These
genetic resources can also address long-targeted areas of improvement such as growth,
reproduction and parasite resistance. Moderate progress in production efficiency has been
achieved by producers who have employed estimated breeding values, but widespread
adoption of this technology has been limited. Genomic marker panels have recently shown
promise for reducing disease susceptibility, identifying parentage and providing a
foundation for marker-assisted selection. As the ovine genome is further explored and
genomic assemblies are improved, the sheep research community in the USA can capitalize
on new-found information to develop and apply genetic technologies to improve the
production efficiency and profitability of the sheep industry.
Keywords genetic diversity, genetic selection, genomics, Ovis aries, production systems
Introduction
Genetic technology is changing livestock production across
the globe (Georges et al. 2019; Rexroad et al. 2019) and will
be an important element for the US sheep industry (Lupton
2008). The US sheep industry is evolving as it continuously
responds to challenges while simultaneously exploring
growth opportunities. Genetic technologies that improve
production and welfare under an environmentally sustain-
able format will propel the industry forward in the twenty-
first century. We summarize current and planned genomic
research activities, including marker exploration for pro-
duction and health traits, the development of genomic
enhanced estimated breeding values (EBV), and the ongoing
formation of national resource flocks. This review will
present both the historical perspective on what has come to
Address for correspondence
B. M. Murdoch, Department of Animal, Veterinary and Food Science,
University of Idaho, Moscow, ID 83844, USA.
E-mail: bmurdoch@uidaho.edu
and
H. D. Blackburn, National Animal Germplasm Program, United States
Department of Agriculture, Agricultural Research Service, Fort Collins,
CO 80521, USA.
E-mail: harvey.blackburn@usda.gov
Mention of a trade name or proprietary product does not constitute a
guaranty or warranty by the USDA and does not imply approval to the
exclusion of other products that may be suitable. USDA Agricultural
Research Service, Plains and Pacific West Areas are equal opportunity
affirmative action employers. All agency services are available without
discrimination.
Accepted for publication 02 April 2021
doi: 10.1111/age.13067
395© 2021 The Authors. Animal Genetics published by
John Wiley & Sons Ltd on behalf of Stichting International Foundation for Animal Genetics, 52, 395–408
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.
define the current US sheep industry and how genetic
research can provide a foundation for future opportunities.
Industry overview
In 1942, the US sheep inventory was 56 million animals
but it has since contracted to approximately 5 million sheep
today (National Research Council 2008; USDA National
Agriculture Statistics Service 2020a). The reasons for the
decline are multifaceted and include, for example, legislative
actions and changing markets. Historically, wool produc-
tion was the primary source of revenue for sheep producers,
but in the 1950s the advent of more cheaply made synthetic
fibers reduced wool consumption (National Research Coun-
cil 2008). Predation of domestic sheep by wildlife (princi-
pally coyotes) has long been a significant challenge and
remains a critical issue as predation accounts for 36–43% of
all lamb deaths per year (USDA Animal & Plant Health
Inspection Service 2014), despite costly management prac-
tices by producers to prevent these losses. Sheep grazing on
publicly owned lands has a rich history in the western
states, but this use is not without controversy that
originated over a century ago (USDA 1903; Adams 1916;
Kelso 1947). During the 1970s additional legislation placed
constraints upon the grazing of public lands (National
Environmental Policy Act of 1969, Endangered Species Act
of 1973, Clean Water Act of 1972 and Federal Land Policy
and Management Act of 1976). The phasing-out of the
National Wool Act of 1954 removed wool and mohair price
support in the 1990s, causing market volatility; without the
subsidy’s price stabilization additional producers exited the
industry.
The net result of these and other challenges is that
today’s US sheep inventory (Fig. 1), and number of
producers (Table 1), has reduced from that 70 years ago.
The inventory of breeding ewes has also shifted among
major geographic regions; there has been an increase in the
Midwest and eastern areas and a proportional decrease in
Texas/New Mexico, whereas the western proportion has
remained stable (Fig. 1). The advancement of genetic
technology, specifically the advent of accurate genomic
selection, is a critical element in increasing production
efficiency, improving environmental adaptability and ulti-
mately re-invigorating the US sheep industry. To better
contextualize how genomic research might be utilized in
developing biological solutions, it is necessary to have a
basis of understanding of the changing landscape of the US
sheep industry.
Climate, landscape and production systems
The geographical scope of USA sheep production is broad,
including arid, semi-arid, temperate and subtropical cli-
matic regions. Many of the arid and semi-arid regions,
found in the western USA, are public lands (ranging from
30 to 80% of total land area in western states). Within these
climatic regions, sheep are primarily raised in mixed crop–
livestock and extensive grazing systems and a smaller
proportion in industrial production systems (de Haan et al.
1997). Extensive grazing systems are partitioned into those
occurring on public lands (where transhumance is still
practiced) or on privately owned lands. The use of industrial
production systems is limited in the USA to temperate
climates. Nationally, a high proportion of lambs destined for
slaughter are fed high-concentrate diets in an industrial
production system setting until they reach a targeted
weight.
The USA has consistently been the largest importer of
sheep milk cheese in the world, which sparked the
development of a domestic dairy industry and importation
of improved European dairy germplasm in the 1990s
(Thomas et al. 2014). Nevertheless, dairy sheep make up
less than 1% of the national inventory (USDA APHIS 2014)
and the primary commodities of US sheep systems are lamb
and, to a lesser extent, wool.
Sheep production systems in the USA operate on different
enterprise scales. Flocks with more than 1000 animals are
generally managed more extensively, whereas those with
fewer than 300 are typically managed in a mixed crop–
livestock system or as an intensively managed farm flock.
The number of producers in extensive production systems is
small but they generally own a disproportionately larger
(>1000 animals per producer) part of the national inven-
tory. Conversely, more than 93% of producers have fewer
than 100 animals (Table 1). Generally, extensive grazing
systems have utilized Rambouillet, or its derivative breeds,
which produce fine-diameter wool and heavier fleeces and
thereby capture higher sale prices than wool traditionally
produced in mixed crop–livestock systems, $5.29/kg vs.
$1.76/kg respectively (USDA NASS 2020a). In mixed crop–
livestock systems, there is greater lamb production per ewe
on average, 1.28 vs. 1.09, than in the extensive grazing
system (USDA NASS 2020a). Current revenue ratios range
from 76 to 83% and from 6 to 13% for lamb and wool
respectively (Livestock Marketing Information Center
2016). These figures are in line with biologically based
proportions for the costs of producing lamb and wool
(Dickerson 1970; Blackburn & Pittroff 1999).
Despite an overall reduction in wool demand, extensive
production systems are still dependent on wool revenues,
with fiber diameter and fleece weight important breeding
priorities (USDA Economic Research Service 2004). Improv-
ing growth rates have also driven selection within the
industry. During the 1970s market lambs were typically
slaughtered at 45–50 kg, but current slaughter weight
averages have increased to 61 kg (USDA ERS 2004; USDA
NASS 2020b). Lambs are predominantly marketed by
weight, and thus faster growing and larger individuals
capture greater individual returns, but as a result of
selecting for growth in the lamb, there is a correlated
© 2021 The Authors. Animal Genetics published by
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increase in mature ewe body size (Borg et al. 2009). Recent
work (Posbergh and Huson 2021) used GWAS to explore
genomic associations for body size that might serve as a
starting point for optimizing this trait in mature sheep.
Reproductive traits have remained at the forefront of
selection, particularly in production settings where nutri-
tional resources are adequate.
Persistent and emerging issues
Longstanding biological and management issues exist and
are generally based around increasing production efficiency,
saving labor and developing a product that meets consumer
demand. For example, the industry did not meet the goal of
a 150% lamb crop by 2020 (ASI Roadmap; https://www.la
mbresourcecenter.com/roadmap), but it is still a worthy
objective to reduce production costs (Dickerson 1970).
Regarding flock health, common diseases diagnosed or
suspected in at least 20% of USA sheep operations include
footrot, small ruminant lentivirus (ovine progressive
pneumonia), caseous lymphadenitis, enterotoxaemia, coc-
cidiosis and contagious ecthyma (USDA APHIS 2014).
Identifying genetic markers for these and other health-
related traits has been, and continues to be, a priority of
USA sheep researchers. Notably, Heaton et al. (2012) first
described variants within TMEM154 associated with
reduced susceptibility to lentivirus and Mousel et al.
(2015) identified significant SNP in SLC2Ap and near NLN
affiliated with entropion. More recently two research groups
have been part of the effort to identify genomic regions
affiliated with Mycoplasma ovipneumoniae (Mousel et al.
2021) and the degenerative condition ovine Johne’s disease
(Y. Yaman, in review). Genetic markers for scrapie have
resulted in reduced susceptibility using associated variants
of PRNP at codons 136, 141, 154 and 171 (Hunter et al.
1994; Westaway et al. 1994; Belt et al. 1995; Moum et al.
2005). According to the National Scrapie Eradication
Program of the US Department of Agriculture (USDA), the
prevalence of scrapie-positive animals at harvest was less
than 0.0001%. This low incidence may be attributed to the
implication and adoption of genomic testing over two
decades (Westaway et al. 1994). Gastrointestinal nematodes
(GIN), specifically Haemonchus contortus, are a drain on
production efficiency and flock health in the USA, and
resistance to anthelmintics is becoming more prevalent
(Howell et al. 2008). Improving sheep resistance or toler-
ance to GIN is a high priority for genomics-based research.
The availability of summer grazing of public lands is
foundational to the feasibility of ranching in the western
United States. Despite much research supporting sheep as
an effective tool for rangeland improvement (Havstad 1994;
Frost & Launchbaugh 2003), there is debate over whether
sheep are beneficial or harmful to the natural ecosystems on
public land. A perceived concern about disease transmission
between domestic and wild (Ovis canadensis) sheep has been
raised (Onderka & Wishart 1988; Lawrence et al. 2010;
Figure 1 Total inventory of breeding
ewes (dashed line) and proportional
regional distribution for the eastern
USA, western USA and Texas and
New Mexico from 1980 to 2020
(USDA NASS 2020a).
Table 1 Number of sheep operations by inventory size and year
according to the US Census of Agriculture (https://usda.library.corne
ll.edu/concern/publications/000000018).
Inventory class1
Census year, n (%)
1959 1987 2017
<25 169 421 (49.5) 45 827 (49.5) 70 455 (69.5)
25–99 117 546 (34.4) 31 254 (33.8) 24 089 (23.8)
100–299 36 938 (10.8) 9740 (10.5) 4750 (4.7)
300–999 12 522 (3.7) 3713 (4.0) 1438 (1.4)
1000–4999 4986 (1.4) 1717 (1.9) 548 (0.5)
≥5000 539 (0.2) 238 (0.3) 107 (0.1)
Total 341 952 92 489 101 387
1Inventory size includes number of sheep and lambs of all ages.
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Besser et al. 2013), further reducing public land available
for grazing (Hendrickson 2015). There is strong evidence
that the immunopathologic response to M. ovipneumoniae
differs between domestic and wild sheep (Grossman et al.
2019), often resulting in more detrimental effects of the
pathogen to wild sheep. Recently, Mousel et al. (2021) has
presented research that could aid in solving the problem of
disease transmission between wild and domestic sheep.
With production scenarios in the USA evolving, producer
priorities for animal selection are also becoming more
diverse. The decline in sheep numbers in the extensive
southwest systems and subsequent increase in temperate
and subtropical mixed crop systems suggest that new
strategies for selection will be needed for smaller farm flocks
with fewer than 100 animals. A shift toward smaller flock
sizes of diverse breeds presents a challenge for genomic
research and implementation, which is predicted to realize
the greatest benefit in large flocks with well-defined pheno-
types (Casellas & Piedrafita 2015).
Climate change presents a range of challenges and
opportunities for genetic enhancement. Across USA ecosys-
tems, climate change will have varying effects, such as
increased variability in precipitation, increased tempera-
tures and shifts in composition of native plant species upon
which sheep forage (Holechek et al. 2020). Snowder et al.
2001 first described directional selection of sheep for the
consumption of sagebrush, a woody plant common to the
western United States. With climate change shifting plant
species composition to less desirable forages (Morgan et al.
2007), the opportunity for genomic research into grazing
habits of sheep could result in the control of brush and
invasive plant species.
Genetic diversity
A country’s genetic resource base and variability governs
the ability to alter animal productivity. Genomic research
has facilitated the quantification of differences among our
populations and these populations in turn are critical in
planning and executing future genomic research. To
address many of the concerns previously mentioned, USA
producers have long imported sheep from other areas of the
world and owing to the array of climatic regions and
production systems in the USA, there have always been
niches for a wide variety of breeds. Currently, the database
of the Food and Agriculture Organization, Domestic Animal
Diversity – Information System (http://www.fao.org/dad-is/
en/) indicates there are 50 US sheep breeds, originating
from Asia, Africa, Europe and Oceania, all with diverse
phenotypes and characteristics.
Generally, and unlike other livestock species, sheep tend
to have a weak population substructure (Kijas et al. 2009;
Groeneveld et al. 2010). Levels of heterozygosity for USA
breeds tend to be similar to those in Europe and other parts
of the world (Lawson-Handley et al. 2007; Peter et al. 2007;
Dalvit et al. 2008; Blackburn et al. 2011a). Previous
analyses have shown how breeds from close to centers of
domestication tend to have more within-breed genetic
diversity (Bruford et al. 2003; Tapio et al. 2010; Sulaiman
et al. 2011). However, when US breeds were combined into
one group and compared with sheep near the center of
domestication, similar levels of genetic diversity were
present (Blackburn et al. 2011b), suggesting that as a
country, substantial genetic variation exists. Similar find-
ings among populations near the center of domestication
and the USA were reported for goats (Paim et al. 2019) and
Davenport et al. (2018) have suggested that relatively high
recombination rates in sheep, and subsequently low LD,
may be a contributor to genetic differentiation.
There is evidence of subpopulations within breeds formed
by genetic drift, natural and/or artificial selection and
geographical constraints. For example, Texel, Suffolk, Dor-
per, Dorset, St Croix and Blackbelly Barbados have shown
within-breed differences, via calculations for FST
(range = 0.025–0.082) and/or PCA (Kijas et al. 2009;
Paiva et al. 2011). Kijas et al. (2012) used FST, PCA, and
allele-sharing metrics to characterize two different subpop-
ulations of the Gulf Coast Native and suggested that the two
subpopulations should be classified as separate breeds.
Within the USA, Davenport et al. (2020) quantified
subpopulation differences in Suffolk raised in either semi-
arid or temperate environments (FST = 0.07). It has also
been demonstrated that breeders frequently admixed two
prominent terminal sire breeds, Hampshire and Suffolk, to
the point where genetic structure is lacking between the
two (Blackburn et al. 2011a; Davenport et al. 2020).
When evaluating genetic relatedness across breeds,
previous population admixture, principal component and
differentially selected region analyses found that US breeds
tend to group within generic phenotypic descriptors (Black-
burn et al. 2011a; Zhang et al. 2013; Davenport et al.
2020). Some example breeds and their classifications are
Lincoln, Leicester Longwool, Cotswold and Romney as
longwool; Hampshire and Suffolk as meat; St Croix and
Barbados Blackbelly as hair; and Rambouillet, Targhee and
Columbia as fine wool. More recent importations of Dorper
and Romanov tended not to be associated with the
groupings mentioned. The composite breeds Columbia,
Targhee and Katahdin were placed intermediate to the
progenitor breeds in PCA, as has been demonstrated with
cattle (Paim et al. 2020). Zhang et al. (2013) also suggested
that genetic differences between Rambouillet, Columbia and
Targhee were small after identifying differentially selected
regions common to the three breeds, and that these breeds
could be considered one population.
No official government statistics are maintained on breed
inventory, therefore breed association registrations per year
are a proxy, which is also the case for cattle and swine.
These records suggest that Suffolk, Hampshire and Dorset
registrations have decreased in recent decades, whereas
© 2021 The Authors. Animal Genetics published by
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those of Katahdin and Dorper have grown and surpassed
these breeds (Fig. S1). There tends to be a geographic
preference for the hair breeds, with Katahdin predominating
in the Midwest and east and Dorper in the southwestern
region of the country, where they are displacing Rambouil-
let (Table 2). Further suggesting that there is a transition
from Rambouillet to Dorper in Texas, the largest sheep-
producing state (USDA NASS 2020a), is the rising number
of hair-breed lambs being marketed, as shown in Fig. 2
(Waldron et al. 2016).
American producers have always been willing to develop
new composite breeds to take advantage of heterosis and
breed complementarity. For example, Columbia (in 1917)
and Targhee (in 1938) were developed for use in extensive
grazing in arid and semi-arid environments (Terrill 1947).
In 1969, the Polypay was developed at the same location
with equal contributions of Rambouillet, Dorset, Finnsheep
and Targhee (Rasali et al. 2006). With its higher prolificacy,
the Polypay is prominent in mixed crop–livestock systems in
temperate environments (Hulet et al. 1984). The Katahdin
was created to be a fast-growing and prolific hair breed with
reduced susceptibility to GIN (Wildeus 1997) and is rapidly
gaining in popularity (Fig. S1).
Genetic experimentation
Following the development of breeding techniques and
genetic advancements in the beef and dairy industries, a
genetics research agenda took place at various public
institutions and federal facilities (Table 3). This laid the
foundation for numerous recommendations to the sheep
industry concerning selection for multiple economically
relevant traits. Public institutions also started centralized
ram performance tests, predominantly with Rambouillet,
where wool and growth traits were evaluated. The Texas
A&M Agriculture Experiment Station in Sonora, TX started
the first such test in 1949; followed by the University of
Wyoming, North and South Dakota State Universities,
Montana State University and Virginia Tech University.
This ‘early’ form of genetic measurement improved fleece
and growth performance in extensively raised Rambouillet
(Fig. 3; Shelton 1979; Burton et al. 2015).
A transition to programs using EBV occurred with the
inception of the National Sheep Improvement Program
(NSIP) in the 1980s. This program initially calculated
within-flock EBVs for ewe reproduction, lamb body weight
and wool traits using single-trait animal models (Wilson &
Morrical 1991). Over time, sufficient genetic connectedness
was established among participating flocks, since the mid-
1990s across-flock EBVs have been made available for
participating breeders (Notter 1998).
Today, NSIP offers producers EBVs on body weight,
growth, GIN resistance, wool traits and reproduction. In
addition, several multiple-trait indices including the western
range index, maternal indices for hair and wool breeds and
a carcass index for use with sire breeds have been developed
(Borg et al. 2007; Vanimisetti et al. 2007). Figure 4 is
illustrative of the reproductive and GIN resistance improve-
ments made by producers using both the USA Hair Index
and fecal egg count EBV.
As of August 2020, there were 294 flocks enrolled in
NSIP across 39 US states. From 2015 to 2019, approxi-
mately 77 000 individual lamb records were processed
through the program. Currently, there are 24 different
breeds enrolled, and as a percentage of the enrolled sheep,
Katahdin (26.9%), Polypay (17.7%), Suffolk (11.2%),
Targhee (9.9%) and Rambouillet (6.5%) are the most
common.
Table 2 Breeds commonly utilized in various production systems and climates in the USA
Production system/climate1 Arid Semi-arid Temperate Subtropical
































1Via the K€oppen climate classification system.
2Indicative minor breeds: Shropshire, Oxford, Lincoln, Leceister Longwool and Cotswold.
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Through the use of NSIP, genetic gains have been
observed in many economically important traits. Despite
this, relative to the number of US sheep producers, the
program is still limited in scope. Improvement in the
accuracy of EBVs earlier in the animal’s life, specifically for
hard to measure traits such as carcass quality and
Figure 2 Lambs sold at Producers
Livestock Auction in San Angelo,
Texas classified by hair or wool phe-
notype, based upon Waldron et al.
(2016) and updated. Hair lambs are
predominantly Dorper and Dorper
crossbreeds.
Table 3 Exemplary breeding programs, and their predominant research goals and outcomes, conducted at universities and various US Department of
Agriculture (USDA) research facilities.
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Development of a superior line
of fine-wool sheep
Merino Wuliji et al. (2019)
University of Wisconsin
Madison, terminated










Improved fiber and increased
growth rate
Rambouillet Burton et al. (2015)
Virginia Tech University,
terminated
Seasonality Altered breeding season Dorset Rambouillet
Finnsheep
al-Shorepy & Notter (1997)
USDA-ARS-Booneville,
ongoing









Development of Polypay breed Rambouillet Dorset
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Quantify breed differences for
terminal and maternal traits
Multiple1 Dickerson et al. (1972), Casas et al.
(2004), Casas et al. (2005), Freking &
Leymaster, (2005)
1Including Suffolk, Hampshire, Texel, Rambouillet, Targhee, Columbia, Polypay, Romanov, Finnsheep, Corriedale, Dorset, Montadale, Dorper,
Katahdin, and Navajo Churro. ARS =Agricultural Research Service
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reproduction, could increase the importance of genetic
technology to US sheep producers. Efforts to incorporate
genomic technology into NSIP EBVs are underway, includ-
ing establishing suitable reference populations and explor-
ing additional complex traits. These reference populations,
managed by USDA Agricultural Research Service (ARS) or
public institutions, along with a database of genetic and
phenotypic data, should improve the accuracy of breeding
strategies for a wide variety of traits. Genetic connectedness
to these resource flocks will be especially beneficial to
producers with smaller flock sizes where accuracy of the
EBV is often limited. The design and management of large
reference populations have also been critical to the progress
of genomic-based research in other countries (van der Werf
et al. 2010).
Progression of genomics
New breeds and utilization of EBV have resulted in
production progress, but genomic technology has the
capability to further this, as has been witnessed in other
species (Georges et al. 2019). In addition, using US dairy,
swine and poultry genomic utilizations as a model will
provide ample lessons for the sheep industry. For example,
until recently, the cost of utilizing SNP arrays (in relation to
revenue) has led to slower adoption of this technology by
sheep producers than in other species. Even though
applications to the sheep industry have been slower to
come given financial and human resource limitations, our
goal for the past 30 years has been to use the technology to




































































































































Figure 3 The Texas A&M central ram test has evaluated more than 12 000 rams from 1942 to 2018. (a) Average daily gain and final weight of rams
from 1950 to 2015. (b) Average clean fleece weight and staple length of rams from 1950 to 2015. (c) Phenotypic differences among Rambouillet
rams, 1950 (left) and 2020 (right). Historic records for the Texas A&M ram test can be viewed at https://sanangelo.tamu.edu/performance-tests/ra
m/.
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Early efforts with genomic technologies focused on
creating linkage maps with several short tandem di- or
tri-nucleotide repeats (microsatellites). The United States
Meat Animal Research Center (USMARC) and other US
researchers were involved and contributed to the interna-
tional mapping flock to create linkage maps (Crawford et al.
1995; de Gortari et al. 1998; Maddox et al. 2001) with
bacterial artificial chromosome clones also being used to
define the relative chromosomal location of microsatellite
markers. This in turn facilitated the identification of location
and mutation causing hypertrophy in skeletal muscles,
termed callipyge, (Cockett et al., 1994; Freking et al., 2002).
Microsatellite markers were used with the CHORI-243 BAC
library to develop one of the first sheep genome maps
(Dalrymple et al. 2007; Ratnakumar et al. 2010). This map
of ordered microsatellites for each chromosome in the sheep
genome was converted into a virtual sheep genome in 2006
using a comparative genomics approach based on methods
used for the human genome (Dalrymple et al. 2007).
However, the combined information generated from BAC
and radiation hybrid panels still needed improvement,
requiring refined resolution for each chromosome. In
general, research commenced with chromosomes that were
previously identified as containing regions associated with
traits of biological interest to sheep producers (Tetens et al.
2007; Wu et al. 2007; Dr€ogem€uller et al. 2008; Wu et al.
2008; Goldammer et al. 2009a,b).
A high-quality reference genome has been a research
goal for the last decade (Archibald et al. 2010), with the first
ovine genome reference sequence being released in 2012
(http://www.ncbi.nlm.nih.gov/assembly/GCF_000298735.
1/). This assembly employed Illumina short read sequence
technology generated from a Texel ram and ewe (Jiang et al.
2014). The ram that was used for this reference genome
was from the USMARC population and the same animal
used in the generation of the CHORI BAC library. These
sequence data were anchored using sheep-specific physical
maps to assemble the genome, which was ultimately
improved using data generated from long-read sequencing
technology (from PacBio) for gap filling (Liu et al. 2016).
Specifically, the sequence length of the shortest of 50% of
the genome (contig N50) more than doubled from 70 kb in
the reference genome assembly Oar_v3.1 to 150 kb in the
next assembly, Oar_v4.0. The contig L50 (the minimum
number of contigs to contain half the assembly) was also
reduced from over half a million to ~5000 as shown in
Table 4 (http://www.ncbi.nlm.nih.gov/assembly/GCF_
000298735.2/).
The development of long-read sequencing technology
that can form the basis of the assembly was game changing,
as exemplified by genomic research in goats (Bickhart et al.
2017). Using 66-fold PacBio and long-read sequence and
Hi-C technique for scaffolding, a de novo sheep reference
assembly, Oar_rambouillet_v1.0, of a mature Rambouillet
ewe (Benz-2616) was developed in 2017 (Worley 2018;
Salavati et al. 2020). This assembly has a contig N50 of
approximately 2.6 Mb. Keeping pace with the genome
quality of other livestock species, a more recent de novo
assembly (ARS-UI_ramb_v2.0) has been produced incorpo-
rating OxNan PromethIONsequence also generated from
the lung DNA of Benz-2616. This new reference assembly
was just released and is a dramatic improvement in
comparison with Oar_rambouillet_v1.0, with contig N50
increasing 20-fold and L50 reduced more than 12-fold.
A new, alternative strategy for genome assembly that
was developed with cattle and other species and holds
Figure 4 Progress made within the
Katahdin breed for lamb production
and parasite resistance using the
National Sheep Improvement Pro-
gram (NSIP) from 2010 to 2020.
Displayed are the average EBVs for
number of lambs weaned percentage
(NLW%) and post-weaning fecal egg
count percentage (PFEC%) by birth
year of over 46 000 Katahdins
enrolled in NSIP during the last
decade.
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promise for future sheep research is the Trio Binning
method (Koren et al. 2018). This approach uses the F1
offspring of two genetically diverse breeds to generate two
separate genome assemblies. Trio Binning is an efficient and
cost-effective approach to generate reference-quality gen-
omes using a single F1 interbreed cross to provide two
individual haplotype-resolved assemblies for both input
breeds. Given the array of genetically distinct breeds in the
USA, this approach should be highly useful for the Ovine
pangenome and in developing new composite populations
to fit a broad environmental and production system
landscape.
Resources for future advances
The Functional Annotation of Animal Genomes (FAANG)
consortium is an international collaborative effort to
improve the annotation of reference genomes for multiple
livestock species (Andersson et al. 2015). Members of the
sheep genetics research community from the USA are
actively involved in the Ovine FAANG portion of this effort.
The latest reference genome, ARS-UI_Rambouillet v2.0, will
be used to annotate the functional elements such as gene
promoters and enhancers. This consortium first identified
tissue-specific gene expression using tissue collected from
Benz-2616, and then identified active promoters and
transcription start sites using cap analysis of gene expres-
sion workflow (Salavati et al. 2020). Recent reports by
Salavati et al. (2020) indicate that, on average, for each of
56 tissues examined, including all major organs, more than
11 000 novel transcription start sites were identified.
Findings from this work will be beneficial for a better
understanding of gene transcription regulation in sheep.
The newly funded research effort to construct an Ovine
pangenome will look to further ‘fill in the gaps’ by adding
genome assembly information from other sheep breeds.
The US sheep research community has also been involved
in the formation of a number of genomic tools, including
the 1.5K pilot sheep SNP array through the virtual sheep
genome project (https://www.sheephapmap.org/Kijas_et_a
l_2009.pdf), the development and design of Illumina 50K
SNP chip, the sheep parentage panel (Heaton et al. 2014),
the high-density SNP chip (Anderson 2014) and Flock54, a
low-density genotype by sequencing panel (Job et al. 2019).
US producers have begun more widely utilizing markers
from these tools to capture resistance/susceptibility for a
number of diseases/conditions including scrapie, lentivirus,
spider-lamb syndrome, callipyge and more recently dwarf-
ism. Amongst the growing number of small producers in
the USA, there are also flocks of ‘heritage’ and other less
common breeds such as the Navajo Churro, Gulf Coast
Native and Jacob Sheep. In these systems selection for coat
color or unique phenotypes, such as polycerate, often
occurs. Kijas et al. (2016) identified markers for a four-
horned phenotype, which may be of interest to this niche
area of the industry. Many of the causative mutations for
diseases/conditions are more thoroughly described in the
online mendelian inheritance of animals library (https://
www.omia.org/home/). Whereas cost was a limiting factor
to adoption of genomic technology previously, many of
these panels are now priced lower, making them more
affordable to the industry.
Following the model of the 1000 Bull Genomes project,
members of the International Sheep Genomics Consortium,
including US researchers, have contributed to SheepGen-
omesDB (https://sheepgenomesdb.org/), a publicly available
database that contains WGSs from over 50 different breeds
(Daetwyler et al. 2017). Furthermore, the National Animal
Genome Research Program has developed and supported
the collections of QTL and GWASs for sheep in the Animal
QTL database (https://www.animalgenome.org/cgi-bin/
QTLdb/OA/index) and the CorrDB animal trait correlation
database (https://www.animalgenome.org/cgi-bin/CorrDB/
index).
Geneticists at the USMARC and the US Sheep Experiment
Station are in the process of establishing reference popula-
tions, with connectedness to industry flocks, for Katahdin,
Suffolk, Rambouillet and Polypay sheep with EBVs calcu-
lated from phenotypic records in addition to genotypic data
from medium- and high-density SNP arrays. Researchers at
USDA-ARS Boonville, in collaboration with NSIP technical
leadership, are pioneering efforts in the USA to develop
genomic EBVs in Katahdin. With USDA and public institu-
tions leading the effort in establishing genomic EBVs and
resource flocks, this lays the groundwork for expanded use
by the industry. In addition, validation of previously
discovered markers in other populations and continuing
the advancement of marker-assisted selection strategies for
Table 4 Progression of ovine reference genome assemblies
Reference genome Breed of sheep Contig N50 (Mb) LG50 (contigs) Number of contigs Release year(s)
Oar_v3.1 Texel 0.07 545 914 2 352 347 2012–2014
Oar_v4.0 Texel 0.15 5008 48 482 2012–2015
Oar_rambouillet_v1.0 Rambouillet 2.57 313 7486 2017
ARS_UI_ramb_v2.0 Rambouillet 43.18 24 1226 2021
Romanov Romanov 78.2 499 (in progress)
White Dorper White Dorper 82.5 1157 (in progress)
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both production and health-related traits are prioritized
goals of establishing reference populations.
To further increase genetic resources for future use, the
USMARC has also developed the Composite IV line of sheep,
based on combining coat shedding, prolificacy and maternal
ability of Katahdin (25%), White Dorper (25%) and
Romanov (50%) breeds. Favorable variants at TMEM154
and PRNP for improved disease resistance are also a noted
breed component. To support this research, an F1 cross
between a White Dorper ram and a Romanov ewe was
created, the trio binning approach was applied and haploid
assemblies are near ready, with contig N50s approximately
63 Mb each (B. Rosen and T. Smith, unpublished data).
To satisfy regional producer needs, the US Sheep Exper-
iment Station recently developed a new terminal sire
composite line enhanced for performance in the extensive
rangeland production systems common in the western
United States. The new composite was formed from Suffolk
(3/8), Columbia (3/8) and Texel (1/4) breeds. The Suffolk
breed was used for superior growth rates, Columbia for
range hardiness and white pelt, and Texel for superior
carcass traits and lack of expression of the myostatin gene.
With breed development expanding and directional
change within breeds is progressing, there is also a need
for an archive of genetics that span the variety of animals
crucial to the industry. The National Animal Germplasm
Program serves as a genetic security resource for stake-
holders and the research community. Collection informa-
tion (germplasm samples, phenotypes, genotypes and
management systems) and requests for samples can be
accessed via the database Animal-GRIN at: https://agrin.a
rs.usda.gov/database_collaboration_page_dev?alert=Y. The
NAGP employs a multidisciplinary approach using quanti-
tative and molecular genetics, reproductive biology, cryop-
reservation, evaluation of live animal populations and
information systems to strengthen the collection of genetic
diversity in the USA. To date, the sheep collection contains
69 818 semen, embryo and blood samples from 3328
animals that represent 47 breeds. Major and minor breeds
are represented in the collection, as well as research
populations that have utility for future research efforts,
correcting breeder mistakes and reconstituting whole breeds
in the event of catastrophic events.
Future applications of genomics
Genomic technology can combat many of the inter-
related challenges facing the US sheep industry. Regard-
ing genetic diversity, Rambouillet and its derivative
breeds, plus various hair breeds, should have sufficient
genetic variability to facilitate selection for any number of
environmental challenges associated with climate change.
In addition, the sheep’s smaller metabolic body size and
faster passage rate of nutrients through the rumen,
compared with cattle, may be a positive attribute in
lowering methane emissions from the livestock sector and
therefore offers a unique opportunity for genetic modifi-
cation. Hair breeds also provide the potential to adapt to
climate change in terms of increased resistance to GIN,
broader grazing patterns and a smaller metabolic size,
enabling them to shed heat load more efficiently
(McManus et al. 2020). Selection for resistance to GIN
can be achieved with most breeds; however a negative
correlated response with prolificacy may be observed
(Woolaston 1992). Recently, Estrada-Reyes et al. (2019)
documented directional signatures of selection for genes
associated with immune protection from H. contortus
among US hair breeds. By identifying genes of interest,
it may be more feasible to employ selection for GIN
resistance without soliciting a negative correlated
response for prolificacy. In a collaborative effort between
multiple US sheep researchers, genomic exploration is
underway to identify strategies for selection of GIN-
resistant animals within the Katahdin breed. Publications
from this effort have already reported potential SNP for
identification of allelic variants associated with resistance
to GIN (Becker et al. 2020).
With the broad array of production settings and breeds,
precision breeding programs that incorporate ‘genet-
ics 9 environment 9 production system interactions will
be paramount for the sheep industry to capitalize on new
genomic technologies (Rexroad et al. 2019). Making
progress in this area will require the increased accumula-
tion of both phenotypic and genotypic data across the sheep
industry. Furthermore, information extrapolated from
research efforts such as FAANG and the Ovine pangenome
projects will be valuable in understanding how sheep
genomes result in different phenotypic traits.
Conclusion
The US sheep industry has been able to make important
adjustments to production given myriad market and policy
challenges. Despite such issues, there may be cause for
optimism. The rate of decline in ewe numbers has slowed in
recent years, perhaps signaling an end to reductions in the
sheep inventory. The adoption of genomic tools and
strategies being employed by other livestock species will
also serve as a guide for implementation of this biotechnol-
ogy into the US sheep industry. An increasing array of
genetic tools and resources are becoming more available for
all sectors of the industry for a variety of breed or trait
improvements. In addition to a continuously improving
reference genome owing to the efforts of Ovine FAANG and
USDA-ARS, key infrastructures such as NSIP and NAGP are
in place and can be utilized to advance the industry’s
genetic goals. Importantly, a cadre of scientists, with a
broad array of expertise, engaged in sheep research have
developed a comprehensive multi-institutional network for
collaboration capable of leveraging resources to bring
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resolution to the challenges facing the sheep industry. We
believe these factors and resources are poised to converge in
the twenty-first century for a vibrant US sheep industry.
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